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Introduction

* MINQOS physics goals
e NuMI neutrino beam
e MINOS detectors

* Results:
— Muon neutrino disappearance analysis
— Electron neutrino appearance analysis (new!)
— Neutral current analysis: sterile neutrino mixing

* Future plans
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MINQOS Overview

* Main Injector Neutrino
Oscillation Search

* Neutrinos at the Main Injector
(NuMI) beam at Fermilab

e Two detectors:

 Near detector at Fermilab
— measure beam composition
— energy spectrum

* Far detector in Minnesota Fermilah Soudan
10 km
— search for and study m
. . 735 km 12 km
oscillations
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MINQOS Physics Goals

e Test thev % v, oscillation
hypothe5|s

e Measure precisely |AmZ,, |
and sin?(20,,)

e Search for sub-dominant
v,~> V. oscillations

e sensitive to 043

e Other MINOS physics:

US

e Search for sterile neutrinos,
CPT/Lorentz violation

e Compare v, V oscillations

e Studies of cosmic rays and
atmospheric neutrinos

e Neutrino interaction studies
in the Near detector
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Neutrino Beam (NuMI)
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e 120 GeV protons strike target

o
-
N

e 10 ps long pulse of 3x10?13 protons
every 2.2 seconds (275 kW)

e Two magnetic horns focus
secondary /K

e decay of n/K produce neutrinos
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CC Events/GeV/3.8x10®°POT/kt
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e Variable neutrino beam energy 0.00 S S e

Energy (GeV)
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MINQOS

Detectors

e Massive

— 1 kt Near detector
— 5.4 kt Far detector

« Similar as possible
— steel planes

" Ay N ST W TR « 2.5 cm thick

— scintillator strips
* 1 cm thick

e 4.1 cm wide

— Wavelength shifting
fibre optic readout

— Multi-anode PMTs
— Magnetised (~1.3 T)
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MINOS Event Topologies (MC)

vMCC Event NC Event V.CC Event

v - Vo LV Ve o e
4
Hadrons Hadrons
N N

TR

Hadrons

long u track+ hadronic short event, often diffuse short, with typical EM

activity at vertex shower profile

lB University
of Sussex



Muon Neutrino Disappearance
Analysis
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Experimental Approach

e Two detector experiment to reduce systematic errors:
— Flux, cross-section and detector uncertainties minimised
— Measure unoscillated v, spectrum at Near detector
e extrapolate using MC

— Compare to measured spectrum at Far detector
1.4
© N

‘g v, Spectrum g0 spectrum ratio
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Far Detector v, CC Data

° See Strong energy 150__ J MINOS Far Detector i
dependent distortion @ ~ | +  Far detector data
Of Spectrum % 100__ ,}:_ —— No oscillations B}
ﬁ Q) - — Best oscillation fit
o p
Er.]ergy SpeC?rUW‘\ t 12 ] -}- [ NC background ]
with the oscillation § i ?INo. - = 90/97 -
hypothesis: m 9|
. 5 . 1.27Am’L i
P(v, —v,) =sin"(260)sin | ;
= R I B B |
% 5 10 15 203050

Reconstructed neutrino energy (GeV)
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Allowed Region

PRL 101 131802 (2008)
| | | | I | | | | I | | | | |

* Fit constrained to 4.0pT 1
physical region and 350 -
. " — _|
includes 3 largest N; :
systematic uncertainties o?g 3-0;‘ <—
e Results: = 2.5f |

N |
|Am2,,|=(2.43+0.13)x103 eV2 g 2.01

at 68% C.L - ® MINOS Best Fit Super-K 90%
o 15__ = MINOS 90% —— Super-K L/E 90%
L — — MINOS 68% K2K 90%
sin%(26,,) > 0.90 R NI BRI MRS
(20;5) 1.006 07 08 009 1

at 90% C.L. Sin2(26)

Most precise measurement of |[Am?;,| performed to date
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Electron Neutrino Appearance
Analysis (new!)
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v, =~ V, Oscillation Search Overview

e Sub-dominant neutrino oscillations
— Look for v, appearance at Far detector
* P(v,>V,) =sin®0,;3 sin*28,; sin*(1.27Am?;, L/E)
— also CPv and matter effects: not shown here but included in fit

— Electron neutrino events only 2% of total (at Chooz limit)

* Select events w/ compact shower, typical EM profile
— MINOS optimised for v,

— v, signal selection is harder
* Steel thickness 2.5 cm =1.4 X,
e Strip width 4.1cm ~ Moliere radius (3.7cm)

* Use the Near detector to determine the background
US oy



Selecting v, Events

Far Detector MC MINOS PRELlMINARY Far Detector MC MINOS PRELlMINARY Far Detector MC MINOS PRELIMINARY
T T T T T 7 T T 4 J T T T
i | i Preselection

Preselectlon | Preselection
0.1 — Signal . 01" — signal ] 015 — Signal
E i — Background E - —— Background E — Background |
3 | 3 3 o1 :
g | g g "
0 0.05 4 9 0.05- [
o . o - o - 1
0.05 B ]
. A R B e ... SR R | SR—— e R B N L4 Ll ‘
o0 0.5 1 1.5 2 00 0.2 0.4 0.6 0.8 1 00 2 4 6
Shower fall fit parameter (parameter b) Fraction of pulse height in a narrow road Lateral shower spread RMS (strips)
e 11 variables chosen Far Detector MC __ MINOS PRELIMINARY
I T T T |

Preselectlon

describing length, width

— Signal
and shower shape Z 01" _ Background i
Kol i
e ANN algorithm achieves: £ |
o signal efficiency 41% o 0.05- i
* NCrejection >92.3% _ Area Normalised
« v,CCrejection >99.4% 0% — 05 B

ANN

« signal/background 1:4
o at Chooz limit
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MC Event Composition in 2 Detectors

— N w
(= (= L=
(= (=
= =

(=

Events/ 1 GeV / 1.0x10" POT
[ =)

Near Detector

MINOS PRELIMINARY

T T T l T
- Monte Carlo

2

I I
v, Selected

~— v, CC

—— beamv, CC

4

Reconstructed Energy (GeV)

Events/ 1 GeV / 1.0x10%° POT

Far Detector

T T T | T
- Monte Carlo

0 2 4 6 8
Reconstructed Energy (GeV)

* Primary background from NC events, also
* high-y v, CC, beam v,, oscillated v, at Far detector

* Right plot: purple shows an appearance signal

at the Chooz limit (sin220,,=0.15)
US ofsueeey



Near Detector Data
* 0(20%) data/MC

Near Detector MINOS PRELIMINARY

differences in Near det. = REm—— | ——
(@) ANN Selected |
— not surprising, strong 33000— — Total Data |
background rejection leaves o© —~-TotalMC  _
just tails of distributions 5 I |
— such differences are :'2000__ ]
expected from the % i
uncertainties in the MC 91000‘_ b
simulation of the 17 - )
hadronisation model o — .
* tuned to sparse external data LI>.I . Ll R i -

0 2 4 6 8

e Use a data driven
technique to measure Near

detector background Use measured Near detector
— compare hornon/offdata ~ background and MC to extrapolate
e fit for CC and NC components to the Far detector

University
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Preliminary Uncertainties on Background

Preliminary Uncertainties Size of error

1.) Extrapolation systematic 6.4%
2.) Horn on/off systematic 2.7%
3.) Horn on/off statistical 2.3%
Total (sum in quadrature) 7.3%
Statistical error (data) 19%

e Statistical error dominates

e Systematic error primarily from extrapolating Near
detector measurement of background to Far detector

w University Jeff Hartnell, La Thuile 2009 18
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Far Detector Energy Spectrum

Far Detector MINOS PRELIMINARY
. . 20_ T 0 e ' T T T T T T T T
* A blind analysis was #A4x10 = FOT ANN Selected
=8= Data

performed:

— all procedures for
calculating background
and signal were finalised
before the Far detector 5
data were looked at

15 NC Prediction

CC Prediction

wwe Tau Prediction

10 N
=== BNue Prediction

Events/GeV

TT1 |||||||||'||||||||||||||||||
||1_|||||||||_||1|||||||||||||||1

* Expected background: 2 =e= Data Excess
S 5
27 + 5(stat)  2(sys) i
m [
* Observed events: 5 0
35 o2 4 6 8
Reconstructed Energy (GeV)
* A 1.50 excess over
background prediction Fit the data to the oscillation hypothesis, obtain

the signal prediction for the best fit point
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Allowed Region

* A Feldman-Cousins
method was used

* Fit simply to the number
of events from 1-8 GeV

e Best fit and 90% C.L.
limits are shown:

e for both mass
hierarchies

e at MINOS best fit value
for Am?,, & sin?(20,,)

Results:

Normal hierarchy (5.,=0):
sin?(26,,) < 0.29 (90% C.L.)

Inverted hierarchy (5..=0):
sin?(28,,) < 0.42 (90% C.L.)
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Feldman-Cousins C.L. contours for ANN

I

4

Allowed region (Am?2>0)

G

U

1 I

3.14x10°° POT |
sin’(20,,) = 1.0
Am?)] =2.43x10° eV?
— Best FitAm?>0
=+ BestFitAm?<0 -
= 90% CLA m?>0
~—=90% CLA m?<0
~—— CHOOZ 90% CL |

[

sin®(20,,)

04 0.6
PRELIMINARY



Interpretation

* A 1.5sigma excess is well within the realms of
a statistical fluctuation

* Future v, appearance analysis:
— will update MC and reconstruction
— more than double statistics (already have x2 data!)
— other analysis improvements too

— aim to release 2" result a year from now

e Watch this space!
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Neutral Current Analysis

- Looking for sterile neutrino mixing -
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Neutral Current Analysis

50 | ]
* General NC analysis overview: 5 mar Detector Dala
. . > 40 T 913 = O n
— All active neutrino flavours o f ]
participate in NC interaction 9 04 + L O15=021,6=3m/2 -
— Mixing to a sterile-v will cause a "g A V-GG Background :
deficit of NC events in Far Det. B 201 AmZ, = 2.43x 10°%eV3c*
— Assume one sterile neutrinoand ! 10%_ T SiN(20;7) = 1 E
that mixing between v, v and v, [ ] L0 ]
1 2 i B i r v o -
occurs at a single Am 0 5 10 15 20 25 30
e Survival and sterile oscillation E eco (GEV)
probabilities become: Simultaneous fit to CC and NC energy

P(Vu _Vu) =1- o, sin2(1.27Am2L/E) spectra yields the fraction of v, that
oscillate to v.:

P(v,-v,)=q, sin®(1.27Am"L/ E) P —v_)
f . =

(o, s = mixing fractions) s 1- P(V# —v )

PRL 101 221804 (2008) f.<0.68 (90%C.L.)
US Sy

= 0.287%> (stat.+syst.)




Future plans

a.) Update all analyses with more
than double the data set

b.) Muon antineutrino possibilities
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Muon Anti-neutrino

* Neutrino Am?;, measurement will
reach the point of diminishing
returns after next result (without
accelerator/beam upgrade)

e Possibility to switch beam
magnetic horns to focus 1T

US

Running

— create a muon anti-neutrino

beam

— MINOS can make the first direct

measurement

* rapidly reduce the uncertainty on
Am?2,, by an order of magnitude

University
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Conclusions
* MINOS has analysed 3.2x10%° POT of beam
data (>6.6x10%° POT data now taken)
* Search for electron neutrino appearance

— 1.5 o excess over background prediction
— sin2(2613) < 0.29 (90% C.L.) (for normal mass hierarchy, .,=0)

* Muon neutrino disappearance
— |Am?,,| =(2.4310.13)x1073 eV2 (68% C.L.)
— 5in%(26,,) > 0.90 (90% C.L.)

* Search for sterile neutrino mixing fraction
—f.<0.68 (90% C.L.)

 Muon antineutrino run possibility
UGS GGy



Backup slides
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Protons per week (E18)

Accumulated Beam Data

| | | | | | |
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Future 90% CL contours

7.0 x10%° POT

Potential Feldman-Cousins C.L. contours for ANN

I T T
7.0x10%° POT

sin®(20,) =1.0 |

1 5— 1A m3,l = 2.43x107eV?
- — Best Fit A m?>0 _
1 **** Best FitA m*<0 —
B == 90% CLAM?>0
i =~ 90% CLA m?<0 |
R ~= CHOOZ 90% CL -
0.5 - -
00 0.2 0.4 0.6
. 2 PRELIMINARY
sin®(26,,)
Future measurement if data

excess persists.

Potential Feldman-Cousins C.L. contours for ANN

| A | ' ! ! !

7.0x10% POT
i sin®(20,) =1.0 |
1.5 1A m2,| = 2.43x1073eV?
Q 1 ~—90% CLA m?>0 _|
w© _
i ~=90% CLAm?*<0 |
i ~—— CHOOZ 90% CL |
0.5 -

o — 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3
. 2 PRELIMINARY
sin®(26,,)

Future limit if excess cancels
with more data.

We are close to doubling the data in current running!
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Beam Ve component

* Neutrino beam has 1.3% of
V, contamination from pion

= 1000 Near Detector MINOS PRELIMINARY
and kaon decays' 8 " Monte Carllo | Fiduéial Events
o beamv, CC = Total
: . © 800 —x .
* Region of interest for the v, T | K }
. . . (= - —
oscillation analysis, 1-8GeV, = 600 K.
\ -
dominated by events from > 2001 ;
secondary muon decays: S _T
B,
I il s —— S—

_I_

o« T — :“+Vu 0 10 20 30 40

_ Reconstructed Ener GeV
N e+1/u U, gy (GeV)

* Near and Far beam v,
spectra are constrained by « Uncertainties on the flux in the
using v, events from several region of interest are ~10%.
beam configurations.
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Sidebands
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Muon removed sideband

Far Detector MINOS PRELIMINARY

30 — u - Removed Predfction Selected
| - u - Removed Data

Preselection +

Events/3.14x10°°POT

- We observe a total of 39 events.
- We expect 2915(stat)t2(sys) events.

 Resultis within 2 o

o It is possible this is a statistical fluctuation or it might hint at an
unexplained Far/Near difference.
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Muon removed w/electron sideband

- Adding the electron to the muon removed events,
present good agreement in PID.

Far Detector MINOS PRELIMINARY
l T ] \ 1 T T

40— . —
- Preselection :

sl MRE Data
- —MRE MC
20}

o T +
L
0 0.5 1
ANN

Events/3.14x10%° POT

- We observe a total of 159 events.
- We expect 152+13(stat)*12(sys) events.

Result is within 0.5 ¢
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Lower PID region

- We also looked in the lower PID region. Finding no
obvious disagreement.

Far Detector MINOS PRELIMINARY
- 30 | Preselection
(@) —Prediction
o e
2 Data
g 20/
I | + blind region
g i
c 10_
)
>
1]

y ) | \ ) ) \ )
% 0.2 0.4 0.6 0.8 1

ANN

- We observe a total of 146 events.
« We expect 132+12(stat)*8(sys) events.

Result is ~10 above expectation
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Systematic Errors
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FD background systematic errors
Extrapolation errors

MINOS PRELIMINARY
— ] - — — —
All Others : ANN Selected

Hadron Energy | e N
Beam Model : NC and v, cC
Hadron Mult. .

Intensity | e B
Preselection
Absolute Energy | g

Low Pulseheight
Hadronic Model

Normalization . T
Crosstalk | v ]
Gains T
Relative Energy :
Extrap Total | e B
A A l A A A " A 1 A A "
-10 -5 0 5 10

Systematic Uncertainty (%)

* For most systematic errors, we generated special MC with the
modified parameter in Near and Far. Used this modified MC for
extrapolation and calculated the difference with the standard results.

* For the main background components the larger systematics are
relative energy, gains, crosstalk and relative normalization.

%ﬁ. .
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Horn on/off
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Estimating the background using
horn on and horn off data

« When beam horns are turned off, the parent pions do not get focused, resulting in
the disappearance of the low energy peak in the neutrino energy spectrum.

= Ngar Dgtector MC | MINO‘S PBELIMINABY
OECI') 5000} n Reconstructed in Fiducial _
:Cj : — Horn-On MC g
E 4000 — Horn-0Off MC :
= 3000 ;
Q) : ;
5 2000 i
£ 1000}

m ; -

Neutrino Energy (GeV)

 The consequence is a spectrum dominated by NC arising from the long tail in true
neutrino energy that gets measured in our region of interest in visible energy.
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Estimating the background using
horn on and horn off data

* After applying the v, selection cuts to the ND data, the composition of the
selected events is thus very different with the NuMI horns on or off.

- Near Detector PRELIMINARY - Near Detector PRELIMINARY
0 3000———————— 0 1000————————— 7~
o - Horn On Monte Carlo - o i Horn Off Monte Carlo
o ' ANN Selected . o I ANN Selected ]
Y — = 800 .
S i NC | S i T ]
32000 “v, CcC - 3 “v,CC ]
= I —beamv,CC | < 6001 —beamv,CC |
3 | % w0 !
o B o 400_— ]
1000 5 - I ]
8 ] @ 200)
5 | ‘ s |
> I s O s, e C ] > L = e
w0 8 w0 2 4 6 8
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

e Using the horn off spectrum which is dominated by NC, we can measure that
component with better precision than in the horn on beam.
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Estimating the background using
horn on and horn off data

e The is obtained from the v, CC flux which is constrained by data in
the different beam configurations.

 The two main background components can be estimated using the number of
data events in the horn on and horn off configurations: N°" and Neff,

Near Detector PRELIMINARY
On — + + 1000 T T T T T T T T T T T T T
N NNC NCC ( 1 ) i | | Horn Olff Monte C;rlo ]
NOff — rNC*NNC + rCC*NCC+re* (2) s00L AN:CSeIected ]
i . -;v cc i
from MC: ’ -

600 ~—beamyv, CC
_ off i
Ineiece) " NNeece” "Nacecye) 400"

200

The key is to use the Horn off/on ratios

Events / 1 GeV /1.0x10" POT

for each component to solve: 0 2 4 6 8
Reconstructed Energy (GeV)

* Producing data-driven predictions for NC and v, CC background for the horn on
configuration.
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(OFF/ON) Ratio of v, CC Events

Estimating the background using
horn on and horn off data

e Horn off/on ratios for v, CC and NC selected events match well
between data and MC after fiducial volume cuts.

e Similar ratios are used to solve the horn on/off equations.

Near Detector

MINOS PRELIMINARY
S S

1 Vu CC Selected .
—_— Mc | | -'M
— Data I TT 3
J.+
Forret
o 2 a4 e 8
Reconstructed Energy (GeV)
Universi
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(OFF/ON) Ratio of NC Events

Near Detector

MINOS PRELIMINARY
‘ S S

| ! |
1~ NC Selected
- MC
—— Data :i:q-:]:""j_
-
-
0.5 ==
-
M-—
| | | |
0 2 4 6 8

Reconstructed Energy (GeV)

MC error statistical plus systematic.




ND data-driven background

Results from the Horn on/off method

Near Detector MINOS PRELIMINARY
T T T I T T T I T T

N
()]

T T l T T T l
ANN Selected
= ND Data _
Horn On/Off Total -

= Horn On/Off NC |
= Horn On/Off v, CC _
i beamv, CC 7

N

(=]

(=] (=]

(=) (=]
T T T

—
(3]
(=]
(=)

L B

—

(=]

(=]

(=)
T
|

L

0 2 4 6 8
Reconstructed Energy (GeV)

Events/ GeV / 1.0x10"° POT

« The NC and v, CC components for the the standard beam configuration are
simultaneously solved in the horn on/off method and are by definition equal to the
data after beam v, subtraction.
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MRCC

University
lE of Sussex



Studying hadronic showers using
muon removal technlque

] T T I T T T T I T
Run: 9671 Snarl: 87402

Run’[9671 Snarl: 87402 _F
Reco Event Energy: 2.1 GeV
y:

* Remove the muon track in a oo Event Brorey: 5.3 GoV
selected v, CC event and use  ReggMuon Energy: 3.2 Gev

\NN PID: 0.86
the rest as a hadronic shower F, = hadrons I, . ND Data Event
only event. et i

0.5

* We use events that pass our

JL-removed .,

Illl
| L

v, Charged Current event e
selection, i.e. that have a

well defined track. - | .
EO.Z— . —

* Well understood v, CC spectra, withwell  § [ . I
known efficiency and purity from the v, :%_’ oL i = I :
disappearance analysis. @ O .

o | |

S Shower Remnant |

Muon Removed Charged Current oL e

B T
Longitudinal Position (m)

o

events = MRCC events
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Hadronic shower modeling in the Ve selected
data and muon-removed data

We apply the v, selection to sooolNear Detector 3000 MINOS PRELIMINARY

the standard data and MC as > = Std.DATA | > ““MRDATA |
& —Std. MC & —MR MC

well as to the Muon Removed = onol v ol ANNO7 | 0 | v, Sol. ANN>0.7 |

data and MC. 8 I Stat. Errors 8 Stat. Errors
© ©

Discrepancy with the model S1000)- 1 oo ]

shows the same trend notonly § | § |

. . w - w -

in energy but in shower | o

topology for both sets. 2 | Standard Events 18,4 - Removed Events ]
[ S ] & 7

Thus modeling of the hadronic % 1 = —4—++ % 1} _.__._,_.__,__,_-e-*-

shower is a major contribution § 1 R ost i
Q T8 A o ot 4

to the disagreement. 44— T80

Reconstructed Energy (GeV) Reconstructed Energy (GeV)

As the MRCC sample is

independent, we can use it to Overall disagreement:

obtain a data-driven correction - 16.6% data/MC

to the model. - 13.8% MR data/MC
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Hadronic shower modeling in the Ve selected
data and muon-removed data

« We apply the v, selection to the 5000 Nea" Detector MINOS PRELIMINARY
| ! ! ! | ! ! !
standard data and MC as well § ~ —u- Removed Data breseloction |
as to the Muon Removed data =4000, - Removed MC ]
= - -+ Std. Data
and MC. E |
23000

rea

« Discrepancy with the model
shows the same trend not only
In energy but in shower
topology for both sets.

s-A
N
(o]
o
(e ]

—

1000+

Even

-
a0

« Thus modeling of the hadronic
shower is a major contribution
to the disagreement.

« As the MRCC sample is
independent, we can use it to
obtain a data-driven -
correction to the model. s |
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Using MRCC as a data-driven correction

 We use the data/MC ratio from MRCC
to obtain a data-driven correction that
is applied to the standard NC events as
a function of energy.

M RC(C4ate MC
corr __ )
NC§o™ = MERCCOMT % NC:

* The number of v, CC events is taken
from the number of events in the data
minus the corrected NC and beam v,
events.

* Differences between NC and MRCC
showers introduces a systematic error
that is difficult to quantify.

Secondary separation method
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Far detector selected events
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Ve Selected Far Detector Data

« Preselected data in the FD as a function of PID compared to the corrected MC.
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- We observe a total of 35 events.

- We expect 27t5(stat)*2(sys) background
events.

Results are 1.5 0 above expected background.
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Far Data v, Selected Distributions

35 events seen for 3.14x10%° POT
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Library Event Matching
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Alternative selection algorithm
Library Event Matching (LEM)

What is the likelihood that two events come from the same hit

pattern at the photomultiplier level?
Input data event Good match Bad match

L . | . . I . I . Lo vy
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* Compare each input event to large library of MC v, CC and NC events.

* Select 50 best matches according to the likelihood that two events have the
same hit pattern in position and energy deposition.

e Construct discriminant variables from the properties of the 50 best
matches, eg. fraction of the 50 best matches that are v, CC.
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Secondary selection method

US

Selecting Ve events with LEM

fraction of electron neutrino events in 50 best matches
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3 variables combined in a likelihood
as a function of energy.

LEM algorithm has better signal
efficiency and background rejection.

Sidebands may indicate an
unexplained Far/Near difference to
which this method would be more

sensitive.
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CC Analysis
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Alternative Models

Two alternative disappearance models are disfavoured
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Decay:
2
P z(sin2(9)+cosz(Q)exp(—(xL/ZE))

V. Barger ef al., PRL82:2640(1999)
v2/ndof = 104/97
Ay?= 14
disfavored at 3.70

Decoherence:
s 2 2
sin“26 —u"L
P =1- 1-ex
Hit 2 ( b 2F

G.L. Fogliet al., PRD67:093006 (2003)
v2/ndof = 123/97
Ay?= 33
disfavored at 5.70



Neutrino Am? sensitivity evolution
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